We created neutral antimalarial prodrugs that deliver bisthiazolium compounds with antimalarial activity in the nanomolar range. These drugs primarily affect early intraerythrocytic stages through rapid, nonreversible cytotoxicity. The compounds are suitable for both parenteral and oral use and plasma promotes rapid conversion of the prodrug into the drug. We demonstrate that very low doses offer protection in a murine model of malaria. The drugs show great potential for curing high parasitemia with short-course treatments. Oral administration of the TE3 prodrug completely cures Plasmodium cynomolgi infection in rhesus monkeys. The drugs specifically accumulate inside infected erythrocytes, block phosphatidylcholine biosynthesis, and interact with hemozoin. To our knowledge, this class of compounds represents one of the most potent antimalarials tested to date. These unique properties signal a promising future for this class of antimalarial.
M
alaria is a public health problem affecting Ͼ40% of the world's population. It causes up to 2 million deaths, mostly young children, in Africa, and Ͼ300 million clinical cases each year (1) , with major consequent impact on economic productivity and livelihood (2) . Currently, there are no licensed vaccines and the spread of drug-resistant parasites and insecticideresistant mosquitoes is an increasing problem. New antimalarial compounds, particularly those based on compounds structurally unrelated to existing antimalarial drugs with new mechanisms of action, are urgently needed (3) (4) (5) .
We have developed classes of antimalarial drugs targeting membrane biogenesis during intraerythrocytic Plasmodium falciparum development. We have focused on mono-and bisquaternary ammonium compounds for their potent antimalarial activity in vitro and in vivo (6, 7) . These compounds mimic choline structure; they potently inhibit the low-affinity choline carrier related to phospholipid biosynthesis in eukaryotic cells and the high-affinity carrier involved in biosynthesis of the neurotransmitter acetylcholine in the CNS (8, 9) . These compounds have exceptional in vitro and in vivo antimalarial properties devoid of mutagenic activity (10 -12) .
G25 [1,16- hexadecamethylenebis(N-methylpyrrolidinium) dibromide] and other drugs in this class possess a permanently charged cationic group (7, 13) that is essential for activity but detrimental to oral absorption. This action prejudiced development for the clinic. Oral administration is essential for treatment in dispensaries in endemic countries and for prophylactic or curative treatment for travelers. A targeting carrier system is unsuitable because, in the absence of carrier-mediated specific processes, quaternary ammonium compounds are intrinsically incapable of crossing bilayered cellular membranes. Designing drugs that mask the ionizable groups was therefore the most attractive solution. This was the rationale behind development of a chemically modified form of drug that is converted into an active ionized form by enzymes present in plasma. Here, we report on the design of bisthiazolium precursors. The resulting compounds are quantitatively converted to the active drug form and show impressive antimalarial activities through mechanisms involving the phosphatidylcholine (PC) biosynthesis pathway and a probable interaction with heme.
Materials and Methods
Chemistry. The bisthiazolium iodide salts T3 and T4 (named drugs), TE3, TE4a, and TE4gt (named prodrugs), and TM1 were synthesized in-house. The methods for the synthesis of the compounds and their structural analysis can be found in Supporting Text, which is published as supporting information on the PNAS web site.
Drug Inhibition of in Vitro-Cultured P. falciparum. Chloroquine (CQ)-sensitive (3D7 and Nigerian) or -resistant (FCB1 and FCM29) strains of P. falciparum (12) were asexually cultured in human blood (14) and synchronized by using two successive 5% sorbitol treatments 26 h apart (15) . Antimalarial activity of the compounds was routinely determined at 1.5% final hematocrit and 0.6% parasitemia (16) .
Bioconversion and Accumulation Studies. After a solid-phase extraction procedure, compounds were identified and quantified by liquid chromatography͞electrospray ionization MS (LC͞ESI-MS) and validated according to U.S. Food and Drug Administration Good Laborator y Practices guidelines (17, 18) .
Stability studies were performed in 0.16 M sodium phosphate buffer (pH 7.4) and simulated gastric and intestinal fluids (19) at 37°C for 8 h. Bioconversion of TE3 was assessed at 37°C in human plasma diluted to 80% with 0.16 M sodium phosphate buffer (pH 7.4).
Accumulation was studied in both uninfected and trophozoiteinfected erythrocytes. Cells were suspended in RPMI medium 1640 supplemented with 0.5% albumax containing 50 nM T4. After 2 h at 37°C, cells were washed and isolated by passage through a dibutyl phtalate cushion (10) . The cellular accumulation ratio is defined as the ratio of the amount of T4 in the same volume of suspending solution.
In Vivo Studies. All animal studies followed relevant laws and institutional guidelines. They were performed either at the Centre d'Elevage et de Conditionnement Experimental des Modèles Animaux, Montpellier, under permission no. A34370 (Centre National de la Recherche Scientifique), or at the Biomedical Primate Research Centre (Rijswijk) after approval by the animal experimenting commission.
Antimalarial activities were determined against the Plasmodium vinckei petteri (279BY) strain in female Swiss mice (11) . Drugs were injected i.p. in 100 l of 0.9% NaCl whereas prodrugs were administered i.p. or orally in 100 l of DMSO. Parasitemia levels were monitored in Giemsa-stained blood smears, and blood samples were collected for determination on a fluorescence-activated cell sorter (20) . All results are expressed as mean Ϯ SEM.
Four groups of four Macaca mulatta were infected by i.v. inoculation with Plasmodium cynomolgi M strain blood-stage parasites obtained from an infected donor monkey. The monkeys were randomly divided over four groups according to treatment (with one control group receiving vehicle only and three treatment groups receiving 3, 9, and 27 mg͞kg TE3, respectively). Treatment was initiated on the day when parasitemia was between 0.01% and 0.2% in all monkeys; TE3 (solubilized in 2.5 ml of DMSO) was given by gavage once a day for 4 consecutive days, parasitemia was monitored by examination of Giemsa-stained thin films prepared from finger-prick blood, and all parasites were counted whether they appeared to be viable or not viable. By using an outcome of the time at which parasitemia was reduced to zero, data were subject to Kaplan-Meier analysis and statistical significance between treated and untreated groups was assessed by log-rank test. To monitor parasite survival, on the last 3 days of dosing, immediately before drug administration, red blood cell samples collected from two animals from each group were washed extensively before overnight in vitro cultivation and subsequent thin-film examination. TE3 and T3 were quantified by LC͞ ESI-MS in plasma samples from all monkeys drawn just before and 30 min after each dosing.
Results

Thiazolium Compounds and Their Bioprecursors Exert Potent in Vitro
Antimalarial Activities. We determined the in vitro antimalarial activity of bisthiazolium compounds T3 and T4 and their respective potential bioprecursors TE3 and TE4a (Fig. 1) after one blood cycle (48 h) contact with P. falciparum. The bisthiazolium drugs, T3 and T4, exhibited potent activity showing half-maximal inhibition concentration (IC 50 ) of 2.3-9 and 0.65-2.9 nM, respectively (Table 1 ). TE4a and TE4gt, which both possess cleavable thioester bonds enabling formation of T4, also had an IC 50 in the same low nanomolar range. Similarly TE3, a proT3 compound, had an IC 50 similar to or lower than that of T3, possibly due to a better cellular penetration of the neutral prodrugs. In contrast, the parent compound, TM1 ( Fig. 1) , which does not possess a labile thioester bond, was inactive Ͻ1 M. All compounds had very steep dose-response curves with IC 50 ͞IC 90 ratios of Ͻ2.
Bioprecursors Are Rapidly Converted into Active Compounds in
Plasma. Conversion of TE3 into T3 was assayed by LC͞ESI-MS ( Fig. 2A) . TE3 did not undergo significant conversion in phosphate buffer (pH 7.4) (Fig. 2B ), or in medium simulating intestinal fluid (data not shown), for at least 8 h at 37°C. In medium simulating gastric fluid, TE3 disappeared with firstorder process (elimination half-time of 8 h). Because gastric residence half-time is 20 min under fasting conditions (21), TE3 appears sufficiently stable for oral administration. In contrast, human plasma promoted rapid conversion of TE3 into T3. At 15 M, TE3 decreased concomitantly with the appearance of T3, with an initial conversion half-life of Ϸ5 min and nearly complete bioconversion after 8 h (Fig. 2B) . After a 1-h incubation in the presence of 10% plasma, Ͼ50% of the prodrug was converted into the drug. Heat-denatured plasma (70°C for 2 h) did not bioconvert TE3, indicating the involvement of a protein or an enzymatic process in the bioconversion. (TE3) 3A) . Synchronized cultures of infected erythrocytes were briefly pulsed with 40 nM T4 (Fig. 3B ). Short exposure of ring and trophozoite stages to T4 blocked parasite development; remarkably, 1 h was sufficient to obtain 99% and 85% growth inhibition, respectively, and 85% inhibition required Ͻ2 h during schizont development, indicating a potent nonreversible cytotoxic effect. Similar patterns of activity were observed with other compounds, although subtle differences related to the structure may occur (data not shown).
T4 Accumulates Specifically in Infected Cells and Selectively Inhibits
de Novo PC Biosynthesis. During a 2-h incubation, T4 accumulated strongly within infected erythrocytes, reaching levels 230-to 310-fold higher (n ϭ 2) than in the incubation medium. T4 was not significantly accumulated within uninfected erythrocytes (cellular accumulation ratio of 1:3), indicating that the process causing drug accumulation is linked to the parasite. Measurement of T4 intracellular distribution into parasitized erythrocytes revealed that 60% of total uptake was within the parasite. Once inside the parasite, analysis using a discontinuous sucrose gradient revealed that 20% of T4 associated with the heme recovered from the 0.2 M fraction (Fig. 4A) .
Because bisquaternary ammoniums are among the most potent choline antagonists, we evaluated the effect of T4 on biosynthesis of the two major plasmodial phospholipids, PC and phosphatidylethanolamine, and on nucleic acid biosynthesis. After drug treatment (3 h), T4 specifically inhibited choline incorporation into PC (Fig. 4B) . The effect was substantial at 0.4 M and the amount of biosynthesized PC was reduced by 50% at 0.9 M. T4 had no significant effect on ethanolamine and hypoxantine incorporation below 10 M.
Prodrugs Are Highly Effective in Vivo. Antimalarial activity was first tested in mice infected with erythrocytic P. vinckei parasites. Drugs were given i.p. once a day for 4 consecutive days. T3, T4, and their respective bioprecursors, TE3 and TE4a, all had outstanding antimalarial activity (ED 50 of 0.1-0.25 mg͞kg; Table  1 ). TE4gt had somewhat lower activity (ED 50 of 3.4 mg͞kg). Prodrugs were also tested after oral administration. TE4gt completely cleared the parasitemia, but the ED 50 was high (90 mg͞kg). TE4a and TE3 had much higher activity (ED 50 of 11 and 5 mg͞kg, respectively). Irrespective of the compound and mode of administration, very steep dose-response curves were obtained; activities occurred over Ͻ2 log-dose concentrations. Drug treated (4-to 5-fold ED 50 ) parasites did not recrudesce. IC50 values were assessed after 48-hr contact of infected RBCs with the drug. ED50 values against P. vinckei were determined after i.p. administration of the compounds once daily for 4 days in infected mice, and parasitemia levels were determined on the day after the last administration. Values are the means of at least three independent experiments performed in triplicate (SEM is indicated). Otherwise, values are the means of two independent experiments (each performed in triplicate) differing by Ͻ15%. There was no recrudescence after 20 days at 4-to 5-fold ED 50. ND, not determined; p.o., orally.
Fig. 3.
Inhibition of in vitro-cultured P. falciparum (3D7). (A) Stagedependent susceptibility. T4 was added at various concentrations to synchronized parasites in culture at ring (4 h) (F), trophozoite (22 h) (■), or schizont (33 h) (OE) stages. Incubation was continued for 4 h, cells were washed twice and resuspended in fresh complete medium. (B) Time course of P. falciparum growth inhibition. T4 was added at 40 nM to synchronized cultures at ring, trophozoite, and schizont stages (see symbols above). After incubation for the indicated times, cells were washed twice and resuspended in fresh complete medium. For both of the experiments, [ 3 H]hypoxanthine (0.7 Ci per well; 1 Ci ϭ 37 GBq) was added at 52 h to monitor parasite viability. Reactions were stopped at 76 h, and parasitemia were evaluated for each stage and expressed as a percentage of the control (without drug). The results are expressed as means Ϯ SEM (n Ն 3).
We subsequently tested TE3 against P. cynomolgi in the rhesus monkey (10) . Oral dosages (27, 9 , and 3 mg͞kg once a day for 4 consecutive days) were based on ED 50 values obtained in mice (5 mg͞kg). Parasite development (an initial increase in parasite numbers followed by a decrease and subsequent recrudescence) was similar to that previously reported (10) . All doses were rapidly and completely curative (P ϭ 0.001); recrudescence occurred in all untreated animals but was absent in all TE3-treated animals (Fig. 5 ). Blood from control and experimental monkeys on each of the last 3 days of drug treatment was washed and used to initiate in vitro parasite cultures. Parasites in treated animals did not develop further, whereas those from control monkeys did, indicating accumulation inside infected erythrocytes and irreversible drug effects. (Fig. 6) . In pilot studies, we determined the ED 50 of T3 and T4 after short-course daily treatments. ED 50 of T3 ranged from 0.2 (4 days) to 0.55 and 0.6 mg͞kg (3 and 2 days, respectively). After a single administration of T3 and T4, parasite clearance also occurred with an ED 50 of 1.1 and 0.4 mg͞kg (Fig.  6 ). Remarkably, a single administration also cured very high initial parasitemias without recrudescence [ED 50 of 2.9 and 1.7 mg͞kg for T3 (Fig. 6) and T4].
Thiazolium Compounds Have Promising Pharmacokinetic and Toxico-
logical Properties. The absolute bioavailability of the TE3 compound after oral administration to Sprague-Dawley rat was 16% (F.B. and H.J.V., unpublished work). In rhesus monkeys, TE3 was rapidly absorbed from the gastrointestinal tract and rapid prodrug͞drug conversion occurred. The prodrug was not detected in any plasma samples. Thirty minutes after the first oral dose, T3 plasma concentrations ranged from 53 to 80 ng͞ml. The last day of treatment, low trough concentrations were observed (35.5 ng͞ml after 27 mg͞kg); 30 min after the final dose, plasma concentrations ranged from 85 to 171 ng͞ml. These results suggest that absorption is not a simple first-order process (22) . The accumulation ratio (23) was Ϸ1.8, indicating an elimination (40) . After 30 min at 37°C, radioactive precursors were added (50 l) for 3 h by using the candle jar method (14) . Incorporation of [ 3 H]hypoxanthine (0.7 Ci per well) into nucleic acids (OE) was monitored in the same experiment to determine specific effects. half-life of 15-20 h in monkey. The drugs were well tolerated at all doses given to rhesus monkeys and mice in the above experiments. Preliminary toxicological tests were performed in mice to determine acute toxicity after a single administration in a stepwise procedure. No sign of clinical toxicity was observed after i.p. administration of drugs and prodrugs. Similarly, no clinical signs of toxicity were observed after oral administration of at least 1 g͞kg of the prodrugs.
Discussion
Clinical malaria is caused by the asexual intraerythrocytic stages of parasite development, and membrane biogenesis is critical to this development. In the quasiabsence of cholesterol, the phospholipid erythrocyte content is increased Ͼ5-fold, constituting the bulk of parasite lipids. PC, the major lipid, is mainly synthesized endogenously (24) . Bisquaternary ammonium compounds such as G25, which mimic choline structure (7) and lead to subsequent inhibition of de novo PC synthesis, have received recent attention due to their potent antimalarial activity (10, 11) . However, intrinsic low oral permeability has been a major, seemingly insurmountable barrier to their oral use. This finding prompted us to create a system to deliver orally administered ammonium compounds to the blood (25) . As a first step, exploratory research led to the design of thiazolium salts in which the quaternary compounds are modified by nitrogen substitution, a duplication of the molecule, linkage by one long lipophilic chain, and removal of the choline hydroxyethyl group, which proved to be a nonessential feature (data not shown). T3 and T4 are two examples of this approach (Fig. 1B ) that exerts potent antimalarial activity. However, the oral antimalarial ED 50 for T3 could not be determined because it was Ͼ10 mg͞kg (data not shown). Nevertheless, this design gave a platform from which we attempted to overcome the low bioavailability of these drugs when delivered orally by creating prodrugs with a hydrolyzable thioester bond that could be bioconverted to the active form in the blood (26, 27) . One compound (TM1) lacking this hydrolyzable thioester, is devoid of antimalarial activity. In contrast, prodrugs TE3 and TE4a (neutral molecules) and TE4gt (a tertiary amine) undergo esterase-mediated rearrangement that leads to stable, cyclic thiazolium compounds with antimalarial activity. Importantly, all three prodrugs had in vitro activity similar to the parent drugs, indicating that prodrug-drug conversion was nearly quantitative. Both drugs and prodrugs had very potent antimalarial activity in vivo. Evaluation against the lethal rodent malaria P. vinckei revealed an ED 50 as low as 0.1 mg͞kg after i.p. administration and complete cure without recrudescence at doses Ͻ1 mg͞kg. Thus, this class of compounds appears Ϸ10-fold more active than CQ (28, 29) or artemisinin derivatives (30, 31) and as active as atovaquone (28) in the rodent model.
These encouraging results led us to increase the stringency of our tests. Significantly, T3 and T4 had an ED 50 Յ1 mg͞kg after a single administration. Drug activities were also evaluated at high parasitemia. To sidestep the mouse immune response against the parasite, these experiments were achieved by means of i.v. injections of 10 8 parasitized erythrocytes, mice being treated 24 h later at 9 -10% parasitemia. Notably, a single administration of T3 or T4 was able to completely clear this high parasitemia without recrudescence with an ED 50 of Ͻ3 mg͞kg.
To demonstrate that the prodrug approach was effective in primates, we evaluated TE3 in rhesus monkeys infected with P. cynomolgi. We observed a complete cure without recrudescence (i. e., ED 100 ) after four daily oral doses of 3 mg͞kg; notably, the ED 50 in mice was 5 mg͞kg. After the second dose, parasites were unable to develop further ex vivo, suggesting that fewer than four doses were required for complete cure.
Other results are equally encouraging and indicate that, in terms of curative dose, P. falciparum and P. cynomolgi infections in primates are 10-to 20-fold more sensitive to our compounds than malaria in rodents (data not shown). Quantitative assays on blood from infected and noninfected monkeys indicated an elimination half-life of 10 -20 h and suggested the presence of parasites had no effect on drug pharmacokinetics. TE3 promises to have a very good therapeutic index, with an absence of symptoms in mice at doses of 20 mg͞kg i.p. and 1,000 mg͞kg orally.
The promise of this approach is enhanced because of the following. (i) Bisthiazolium compounds specifically accumulate inside their target cells, i.e., infected erythrocytes. (ii) Biosynthesis of PC, the main parasite phospholipid, was highly inhibited by drug concentrations that did not effect DNA or synthesis of other phospholipids (Fig. 4B) . We have already reported a positive relationship between the ability of the drugs to inhibit parasite growth and inhibition of PC biosynthesis (6, 11) . Use of yeast as a surrogate system to identify the targets of our antimalarial compounds indicate that G25 specifically targets PC synthetic pathways (32) . We have also characterized the choline carrier of P. falciparum parasite. T16, a radiolabeled compound very similar to T3 and T4, potently inhibits parasite choline uptake with an IC 50 of 140 nM (33) . Increasing the choline concentration in the medium causes a dose-dependent inhibition of T16 uptake that is directly proportional to the inhibition of antimalarial activity. (iii) Bisthiazolium drugs associated with parasite hamozoin (Fig. 4A) . We recently showed interaction of a thiazolium-bisquaternary ammonium with parasite-derived heme; this interaction was critical for drug accumulation and antimalarial activity (34) . Thus, there is evidence that this class of compounds has a dual mode of action on the intracellular parasite, affecting PC biosynthetic activity and interacting with the toxic hemoglobin metabolite. This dual compound would mimic a drug combination, as corroborated by the fact that resistance of the malarial parasite to G25, a compound that shares the same mechanism of action as T3͞T4, could not be induced under drug pressure of several months (ref. 35 and data not shown). The interaction with heme might suggest that the modes of action of this class of compounds resemble those of other heme-interaction antimalarials (36) (37) (38) . However, they have shown high efficacy against multiresistant P. falciparum field isolates and genetically modified P. falciparum clones expressing mutant forms of the CQ resistance determinant pfcrt (P. Ringwald and D. A. Fidock, unpublished work), and we have evidence of distinct action toward heme polymerization (H.J.V. and S. A. Ward, unpublished work).
In conclusion, these compounds are at the forefront of therapeutic malarial research. The prodrug approach used to deliver bisthiazolium compounds demonstrated complete protection in murine models, even at high initial parasitemia or by using short-course treatment. Moreover, and very significantly, these compounds provided complete cure of P. cynomolgi infection in rhesus monkeys, showing valuable pharmacokinetic properties. Efficacy and tolerance studies in mice and primates were very promising, indicating that this approach could be applicable for human infection; future detailed toxicological studies are warranted. Importantly, the clinical potential of this series of phospholipid metabolism inhibitors extends to pharmacoresistant malaria treatment and paves the way for a wide range of potentially active compounds. Detailed studies to unravel the dual aspect of their mechanisms of action are also necessary.
